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1 Introduction
For the optimum design and operation of gas-liquid-solid three-phase reactors, the degree of
dispersion of the solid (catalyst) in the reactor must be measured, understood, and controlled.
Various methods to measure this parameter, including optical, direct sampling and the static
pressure method, have dready been devel oped and used experimentaly. However, these methods
have inherent disadvantages. Accurate means of diagnosing the solids holdup are needed.
Theultrasonic technique offersmorepractica applicationsinthat it isnoninvasive, nondestructive,
nonhazardous, rapid, and potentialy applicableto high-temperatureflow in high-pressure, opagque-
wall reactors. The utilization of ultrasonic techniquesfor dlurry characterizations hasreceived
considerableattention recently [ 1-5]. Some ultrasoni ¢ techniques are based on the principle of
scattered acoudtic pulses[1-4]. The other uses of the ultrasonic Doppler techniqueto characterize
thelocal bubblerise velocity inabubble column reactor [5].  Recently, amethod involving the
measurement of ultrasound transmission has been reported in adurry-phase stirred-tank reactor
which offersthe possibility of using the ultrasonic technique to measure solids holdup in athree-
phase durry reactor [6,7]. The ultrasonic transmission uses measurementsof the vel ocity and
attenuation of the sound wave which travelsdirectly through the durry sample. Whentheveocity
of soundinaliquidissgnificantly different from that in asolid, atime shift (ave ocity change) inthe
sound wave can be detected when solid particles are present relative to that for the pure liquid.
Fig. 1 shows how the detected sound waveisvaried in time and in amplitude when solids are

suspendedintheliquid. Thearbitrary first distinct zero crossingtimeinliquid and in solid-liquid
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aredefined ast, and t,, respectively. Thetravel time between the transmitter and receiver in the
liquidisdefined ast,. Okamuraet a., [6] and Soong et ., [ 7] used a continuous stirred-tank
reactor to correl ate the solids holdup to therelativetimeshift (( t-t, )/t,). Thearbitrary first distinct
zero crossing time, t,, can a so be determined in gas-liquid and gas-liquid-solid systems.  Those
researchers[6,7] aso indicated that thet, in the gas-liquid-solid system is not affected by the
presence of gas bubbles and is fixed at the same position as in the solid-liquid system.
Furthermore, the gpplication of themeasurement of ultrasound transmission for gas holdup [8-10]
and for gas holdup aswell aslow concentration of solid (up to 3 wt.%) under limited superficia
gasvelocities (up to 3 cm/s) inadurry-bubble-column reactor hasbeenreported [11,12]. This
leadsto the study of using the ultrasonic technique for the measurement of solidsholdupin athree-
phase bubble column reactor over awide range of superficial gas velocities and solids holdup.
2 Experimental

Thedetailed information of the bubble-column-reactor in which the ultrasonic investigation was
conducted has been reported elsewhere[10,13]. The transparent acrylic bubble-column-reactor
has aninterna diameter of 8.89 cm and aheight of 290 cm (Fig. 2). The ultrasonic signalsare
transmitted at 33 cm above the bottom of the gas distributor, which is a perforated-plate gas
digtributor with 15 x 1-mm diameter holes. Experimentswere conducted inbatch-mode operation
(stationary liquid - water and continuousflow of gas- nitrogen). The nitrogen flow was controlled
electronically to a maximum of 12 cm/s through a mass-flow controller. Glass beads from
Cataphote, Inc., (10-37 um in diameter with density of 2.46 g/cm?) were used asthe solid in the

durry. Thesolidsholdup (solid weight/tota durry weight) was varied from 5 to 30 wt.% for each
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nitrogen flow inthereactor. To evaluate the accuracy of the ultrasonic techniquefor solids holdup
measurement, an independent surry sampling device was installed. The measurement was
conducted by inserting astainless steel tubing (0.775 cm. 1.D.) horizontally into the center of the
column at 0.635 cm above the path of the ultrasonic transmission.  The ultrasonic
transmitter/receiver and the solid sampling device are positioned such that both means are
measuring approximately the same hydrodynamic phenomenaasshown enlarged areasin Fig. 2.
Both the transmitter and receiver were mounted directly inside the reactor wall at 33 cm above
the gas distributor.

3 Resultsand Discussion

Fig. 3illustrates the effects of solids holdup on the transit time measured at 33 cm above the gas
distributor intheglassbeads/nitrogen/water system at different superficial gasvelocities(SGVs).
Inthisexperiment, the SGV was systematically varied at any giveninitia solidsholdup of 5, 10,
20, and 30 wt.% in the bubble column reactor. In generd, thetrangt time varieswith the variation
of the superficia gasvelocity for the SGV of 4 cm/sec or less at any giveninitial constant solids
holdup loading inthereactor. The trangt time was relative constant when the SGV is4 cm/sec or
higher. Thetrandt timesarearound 71.96, 71.6, 71.12 and 70.88 s for the solids holdup of 5,
10, 20, and 30 wt.% respectively, when the SGV is4 cm/sec or higher. Therefore, the trangit time
can be utilized to determine the solids holdup when the column is operated in a complete
suspension mode. The fluctuation of the transit time when the SGVsis 4 cm/sec or less may
attribute to the both partial sedimentation and other factors which are under investigation.

Thefractiona changeof transttime () t/t = (t:t,)/t,) can beca culated on each individual trangit
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timeinFg. 3. Fromthefractiona change of trangt time, the solids holdup can be determined from
the previous calibrated curve obtained from astirred tank reactor (Fig. 11. in Soong et. a.[7]).
The determined solids holdup from these procedures and the solids holdup determined by the
direct sampling areillustrated inFig. 4. The solids holdup clearly varieswiththe SGVs. Fora
30 wt.% solid loading in the bubble column, the solids holdup varies from 0.466 to approximately
0.393 asthe SGV increased from 0.53 to 2.68 cm/sec. The occurrence of the partial semination
inthe columnwasal so observed in thetransparent acrylic column under thiscondition. At 2.685
cm/sec gasvel ocity, the solids hol dup determined by the ultrasonic techniqueis 0.393 compared
to 0.323 by the direct sampling technique. At elevated SGV of 3.22 crm/sec or higher, the solids
holdup is approximately 0.369 as determined by the ultrasonic technique compared to 0.337
determined by the direct sampling technique. For 20 wt.% solid loading in the bubble column,
whenthe SGV increasesto 3.22 cm/sec or higher, the ultrasonic technique estimatesthe solids
holdup at 0.295. However, the solids holdup determined by the direct sampling techniqueis
between 0.2044 and 0.246 under these conditions. For 10 wt.% solid loading in the bubble
column, the holdup profileissimilar to that of 20 wt.%. Atthe SGV of 1.61 crm/sec, the solids
holdup determined by the ultrasonic technique is 0.092 compared with that of 0.102 determined
by direct sampling. For a 5 wt.% loading conditionsin the bubble column, whenthe SGV is3.22
cm/sec or higher, the solids holdup is approximately 0.044 as determined by the ultrasonic
technique. Furthermore, the solids holdup determined by direct sampling isbetween 0.0539 and
0.0286 under thesameexperimenta conditions. The solidsholdup measurementsby theultrasonic

technique compared reasonably wel | with resultsobtained by thedirect sampling techniques. Some



5

discrepancies observed between these two techniques are probably due to the nature of these
techniques. The ultrasonic technique measures the average solids holdup in the ultrasound path
whiledirect sampling determinesthe collected local solidsholdup. The smpletime-averaged
method utilized in this study does not account for the sound refraction and reflection of the solid
phase on the transit time[3]. Uchidaet al. [11] and Warsito et al. [12] have reported some
experimenta results obtained from low concentrations of solids (up to 3 wt.%) and low gasvelocity
(upto3cm/se). Itisdifficult to compare our data collected under high gas velocitiesand high
solids holdup with those collected under different conditions. Warsito et a. [12] aso proposed
atheoretical mode that related the solids holdup with thetransit timeratio.  Thisapproach can
be applied to further theoretical study.

4 Conclusion

An ultrasonictransmissi on technique has been devel oped to measure solids holdup inagas-liquid-
solid bubble column reactor. The results presented in this study show that the transit time of an
ultrasonic sgnd isinfluenced by the variation of solids holdup and the operating conditionsin the
bubble column. Thetransit time can be correlated to the solidsholdup. The ultrasonic technique
ispotentially applicableto high-temperature, non-transparent fluidsin high-pressure, metallic
reactors and, with some modificationsfor solids holdup measurements, are applicablein durry-
bubble-column reactors.
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Symbols used

i

Arbitrary first distinct zero crossing timein liquid, s

Arbitrary first distinct zero crossing timein gas-liquid, solid-liquid or gas-liquid-solid
system, s

Arbitrary travel time of the sound wave between thetransmitter and the receiver inliquid,
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